). The presence of rapid inactivation means that when the channel is opened with cell membrane depolarization it very quickly enters a nonconducting (inactivated) state, passing very little current in the outward direction ( Figure 1B) 
Introduction domains are found in proteins involved in the circadian rhythm, the cyclic patterns of hormone secretion, breed-HERG (human eag-related gene) is a member of the eag ing, and locomotor activity in mammals and the oscilla-(ether-a-go-go) K ϩ channel family (Warmke et al., 1991;  tion of photosynthesis in plants. In prokaryotic cells, Warmke and Ganetzky, 1994) . These channels, found in PAS domains regulate a variety of biochemical prohuman heart and nervous system, underlie one form of cesses by serving as light and chemical sensors. the long QT syndrome, LQT2 (Curran et al., 1995) , a genetic condition causing familial cardiac arrhythmia and sudden death. In common with other voltage-depenResults dent K ϩ channels, HERG has a subunit topology of six membrane-spanning stretches ( Figure 1A) . Four of these Function of the eag Domain subunits form a tetramer with a central ion conduction
The HERG potassium channel has a ‫093ف‬ residue cytopore. Voltage-dependent gating, or opening and closing solic N terminus, of which the first 135 form the eag of the pore, is conferred by the S4 "voltage sensor" (the domain. It was previously shown that removal of the arginine-rich fourth membrane-spanning stretch) preseag domain results in active K ϩ channels with altered ent in all members of the voltage-dependent cation gating properties (Schö nherr and Heinemann, 1996; channel family (Sigworth, 1994 To whom correspondence should be addressed (e-mail: mackinn@ rockvax.rockefeller.edu).
is observed. The deactivation rate is increased markedly Figure 2C ). The truncated channel exhibits a faster rate of deactivation over voltages studied.
We next asked whether it was possible to reconstitute the wild-type function by application of eag domain produced in E. coli (Li et al., 1997) to the cytoplasmic surface of truncated HERG channels. The experiment was carried out in two ways. First, purified domain (correspond- and 5B). All point muta-MAD (multiwavelength anomalous diffraction) experitions were to alanine except for Arg-73, which was mument with selenomethionine substituted protein crystals tated to cysteine. The role of the disordered (within the at the CHESS F2 beamline. A three-dimensional model crystal) N terminus was studied by producing three deleconsisting of amino acids 26 to 135 and 27 water moletion mutants: deletion of residues 2 to 26 (⌬2-26), 2 to cules was refined (Table 1) using data to 2.6 Å resolution 23 (⌬2-23), and 2 to 9 (⌬2-9). The effect of mutations with a free R value of 28.6% and a conventional R value was assessed by measuring the rate of deactivation as of 25.2%. described above. The "speeding factor," defined as the The eag domain is an ␣ ϩ ␤ protein with a fiveratio of time constants for the wild-type and mutant stranded antiparallel ␤ sheet (␤A to ␤E) packed against channels measured at Ϫ120 mV, is shown ( Figure 5B ). a long ordered "vine" composed of coil and a single
The mutants fall into three groups depending on the turn of 3 10 helix (␣ЈA) (Figures 4A and 4B) . The sheet is magnitude of effect. The largest group includes all mutations that have a speeding factor close to 1 (little or no decorated on two sides by ␣ helices (␣A to ␣C). The solution containing increasing amounts of glycerol (5%-20%). After wavelength calibration and fluorescence scan of a wet-mounted crystal, six data sets were collected with inverted beam geometry Electrophysiology Oocytes from Xenopus laevis were surgically removed and incuat three energies (inflection point, 12.660 keV; peak, 12.665 keV; and remote, 12.740 keV). Data were integrated with DENZO, and bated for 1.5-2.5 hr in a solution containing: 1 mg/ml Collagenase type 2 (Worthington Biochemical Corporation), 82.5 mM NaCl, 2.5 scaling was performed in SCALEPACK (Otwinowski, 1993) in two steps. First, scale and B factors were calculated simultaneously for mM KCl, 1.0 mM MgCl 2 , 5.0 mM HEPES, pH adjusted to 7.6 with NaOH. Defolliculated oocytes (stages 5 and 6) were injected with all data images. These factors were then used for internal scaling of each wavelength data set. Further processing was done with the cRNA encoding wild-type or mutant HERG channel and incubated for 12-24 hr in a solution containing: 50 g/ml gentamycin (GIBCO), CCP4 package (CCP4, 1994). SHELX (Sheldrick, 1990 ) was used to determine the position of the first selenium by direct methods and 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , 5.0 mM HEPES, pH adjusted to 7.6 with NaOH.
Patterson search. Initial phases were calculated in MLPHARE (CCP4, 1994), and two more selenium positions were confirmed on Whole cell recordings were performed using a OC-725A twoelectrode voltage clamp (Warner Instruments); the data were filtered difference maps. Phases were calculated in MLPHARE using the inflection point data set as the native reference (Table 1) . After at 1 kHz. Microelectrode resistances were 0.3-2.0 M⍀ when filled with 3 M KCl. The oocytes were studied under continuous perfusion solvent-flattening in DM (Cowtan, 1994), an electron density map of excellent quality was calculated that permitted the tracing of with a solution containing 58 mM NaCl, 40 mM KCl, 0.3 mM CaCl 2 , 1.0 mM MgCl 2 , 5.0 mM HEPES, pH adjusted to 7.6 with NaOH. All most of the model. Refinement (Table 1) consisted of rounds of model building in the program O (Jones et al., 1991) followed by experiments were carried out at room temperature. Measurements were rejected if the tail current peak was larger than 3.0 A and if bulk solvent correction, positional refinement (phase restraints were included in some of the cycles), and restrained B factor refinement the voltage electrode drifted by more than 10 mV at the end of the experiment. Patch clamp experiments were performed using an with X-PLOR (Brunger, 1996). Electron density difference maps confirmed the presence of unaccounted density in the native map; this Axopatch 200A (Axon Instruments) amplifier; the data were filtered at 1 kHz. The oocytes were studied in a two-well bath containing density might be attributed to the disordered N terminus. The final model includes residues 26 to 135 and 27 water molecules. The 140 mM KCl, 0.5 mM EDTA, 10 mM HEPES, pH adjusted to 7.6 with KOH, with the reference electrode separated from the oocyte bath following side chains have been truncated: Ser-26 to C␣, Arg-35 to C␥, Glu-37 to C␤, Gln-75 to C␦, Arg-76 to C␤, Arg-77 to C␤, Gln-84 by a salt bridge. Reconstitution experiments were performed with eag domain protein expressed and purified as described below.
to C␤, Glu-90 to C␤, Glu-118 to C␤, Asp-119 to C␣, and Glu-130 to C␥. According to PROCHECK (CCP4, 1994) 89.8% of the main chain Before injection, the protein was dialyzed overnight against a solution containing 140 mM KCl, 0.5 mM EDTA, 10 mM HEPES, pH torsional angles are in the most favored regions of the Ramachandran plot and none in the generously allowed or disallowed areas. adjusted to 7.6 with KOH. Oocytes expressing truncated HERG
